INTRODUCTION
signaling pathway ( Fig 4B) , we used Aldh1a3 -/- (Dupe et al., 2003) and Rdh10 -/- (Rhinn et al., and BMS493-treated embryos displayed eye ventralization and a shortened optic nerve 280 when compared to controls (Suppl Fig 4B) , but they retained the overall organization of the 281 nasal capsule and orbit (Suppl Fig 4C) . Ventral and lateral views of the 3D-reconstructed 282 EOMs (Fig 4C-E) , showed that Aldh1a3 -/and BMS493-treated embryos lacked the standard 283 3D arrangement of 4 recti and 2 oblique muscles observed at E13.5 in control embryos.
284
Nevertheless, in all cases EOMs originated medially from the hypochiasmatic cartilages of 285 the presphenoid bone, indicating that the overall orientation of the EOMs was preserved ( Fig   286   4D '''). Thus, given that the EOMs are more affected at their insertion than their origin level 287 upon ATRA deficiency, this finding suggests that EOM patterning is in part modular.
288
To analyze EOM and tendon patterning with higher resolution, we performed whole 289 mount immunostainings for differentiated myofibres (MyHC) and tendon (Tenascin) ( Fig 4F- 
290
H'). On medial and lateral views of 3D-reconstructed EOMs, only the retractor bulbi and 291 superior rectus could be clearly identified among the non-segregated muscle fibres in 292 Aldh1a3 -/embryos ( Fig 4G, G' ). As expected from global invalidation of retinoic acid 293 signaling, EOM perturbation was more severe in BMS493-treated embryos ( Fig 4H, H' ). The
294
SO was absent, or continuous with the anterior part of the anlage, and the medial portion of 295 the retractor bulbi was thicker and less clearly isolated from the rest of the anlage. In both 296 conditions, Tenascin and Scx-GFP+ cells were present at the tips of the individual, though 297 mispatterned, muscles at this stage (Fig 4G', H', Video 4) . Analysis of Aldh1a3 -/and 298 BMS493-treated embryos revealed on average a 26% reduction in the EOM volume 299 compared to controls ( Fig 4I) . However, MyHC+ myofibres were present in Aldh1a3 -/and 300 BMS493-treated embryos (Fig 4G,H) , suggesting that EOM differentiation was not overtly 301 affected in these conditions. Instead, these observations suggest that EOM fiber alignment 302 and segregation is dependent on retinoic acid signaling.
303
As dose and temporal control are critical in the context of retinoic acid signaling 304 (Chawla et al., 2016; Gitton et al., 2010; See et al., 2008) , we performed other BMS493 305 injection regimes between E10.5 and E12.5 (Table 1) . EOM patterning phenotypes 306 categorised as strong or severe at E13.5 were only obtained when a E10.75 time point of Fig 4D) . Surprisingly, even a single injection at this time point resulted in strong phenotypes identified an early and restricted temporal window where ATRA activity, prior to any sign of 312 muscle splitting, impacts correct muscle patterning 36-48 hours later. 
362
Altogether, these data suggest that synthesis of ATRA from neural derivatives (retina, optic 363 nerve, RPE) at early stages (≈E10.5) is crucial for EOM patterning, through its action on 
404
As tendons were present at muscle tips in E13.5 Aldh1a3 -/and BMS493-treated 405 embryos, but located ectopically with respect to a wild-type configuration ( Fig 4F' -J'), we 406 suspected that the initial 3D-organization of Scx-GFP+ tendon and connective tissue 407 progenitors might also be affected. We performed WMIF for differentiated muscle (MyHC) 408 and tendon (Tg:SCX-GFP) and segmented the reconstructed 3D volume. In control embryos 409 at E12.5, Scx-GFP+ condensations projected from the tips of the future 4 recti muscles 410 towards the POM-ring (Fig 6 Q ,Q', Video 7), facing the 4 apoptotic foci ( Fig 6J, Video 3) .
the final locales of the recti muscles ( Fig 6T) . In BMS493-treated embryos at E12, Scx-GFP 413 expression was less organized and diffuse ( Fig 6R,R' 
461
Previous studies showed that NCC have a critical role in the acquisition of cranial 462 muscle morphology (Bohnsack et al., 2011; McGurk et al., 2017; Shimizu et al., 2018; Tokita 463 and Schneider, 2009; von Scheven et al., 2006) . Our data using the Rare CreERT2 reporter and 464 following invalidation of Rarb/Rarg in NCC derivatives suggest that the action of retinoic acid 465 signaling on EOM patterning is also indirect, through its action on periocular connective 466 tissues.
467
The observation that BMS493 treatments to impair ATRA signaling results in a more 468 severe phenotype than that observed in Aldh1a3 mutants could have several explanations.
469
First, BMS493 is not a RAR antagonist but pan-RAR inverse agonist, which is capable of cleared with a mix benzyl alcohol and benzyl benzoate (BABB) and mounted for imaging as 896 described in (Yokomizo et al., 2012) .
897
For detection of cell death in whole mount live tissues, LysoTracker Red staining was done, 898 as it reveals lysosomal activity correlated with increased cell death (Fogel et al., 2012;  899 Zucker et al., 1999) . Embryos were quickly dissected in HBSS (Invitrogen, 14025-092), 900 incubated in 2ml tubes containing 5µM of LysoTracker™ Red DND-99 (Molecular Probes,
901
L7528) 45min at 37˚C with rocking in the dark, washed twice in PBS, fixed and processed for 902 cryosections or whole mount immunostaining as above.
904
Antibodies
905
Primary and secondary antibodies used in this study are listed in Table 2 . To detect 906 differenting EOM we used: a-smooth muscle actin (SMA), which is transiently expressed in 907 differentiating myoblasts and myotubes (Babai et al., 1990; Li et al., 1996; Sawtell and 908 Lessard, 1989) ; Desmin, an early cytoskeletal muscle protein expressed in myoblasts, 909 myotubes and myofibers (Babai et al., 1990; Li et al., 1993) and myosin heavy chain (MF20) 910 to label sarcomeric myosin (Bader et al., 1982) . 
917
All images were assembled in Adobe Photoshop and InDesign (Adobe Systems). Volume-3D 918 rendering of the z-stack series was performed in Imaris (version 7.2.1) software (Bitplane).
919
For ease of EOM visualization, the Z-stack volumes were first manually segmented to define 920 the EOM or the whole POM area using the Isosurface Imaris function. The signal outside the 921 isosurface was set to zero, the corresponding channel duplicated and subsequently a new 922 isosurface was created using automatic thresholding on the new channel.
924
In Situ Hybridization
925
Whole-mount in situ hybridization with digoxigenin-labeled antisense mRNA probes was 926 performed as described previously (Comai et al., 2014) . The Aldh1a1, Aldh1a2, Aldh1a3
Statistics

971
The number of embryos of each genotype used for analysis is indicated in the figure legends 972 and Table 1 . The graphs were plotted and statistical analyses were performed using Prism8 973 (GraphPad Software, Inc) . All data points are presented as mean ± SEM (error bars).
974
Statistical tests used for analysis are indicated on the respective figure legends. P values 975 less than 0.05 were considered significant (*p < 0.05; **p < 0.01; ***p < 0.001). 
